ABSTRACT
in the cortico-subcortical white matter junction and malformations of cortical development, associated with other brain abnormalities. 8, 13, 14 These imaging features were reported on the basis of severe cases of microcephaly identified at birth. 8, [13] [14] [15] However, some of these patients 8 did not have microcephaly at birth and were detected because in the beginning, microcephaly was defined as a head circumference of Յ33 cm, a cutoff that decreased 2 times before the establishment of the current criteria based on the Intergrowth-21st. 16 Therefore, there is probably a disease spectrum that has only recently been recognized, with some patients presenting with less severe brain damage and even without microcephaly. We reviewed the brain CT and MR imaging scans of infants 1 year of age or younger, to find cases of CZS without microcephaly and to compare them with infants with microcephaly. We hypothesized that these mild cases of CZS without microcephaly, not suspected before neuroimaging evaluation, have a milder degree of brain damage.
MATERIALS AND METHODS
We retrospectively evaluated all brain MR imaging and CT scans of infants 1 year of age or younger from December 2015 to November 2016, in the Centro Diagnostico Multimagem Radiology Clinic. This study was approved by the research ethics committee.
The imaging reports were divided into 3 groups: 1) healthy patients, 2) nonspecific or not related to ZIKV, and 3) cases of neuroimaging abnormalities consistent with CZS. The last group was further subdivided into 3 groups: 1) infants with microcephaly at birth, 2) infants with microcephaly developed a few months after birth, and 3) infants without microcephaly. The classification of microcephaly was based on the Intergrowth-21st. 16 Clinical information and CSF tests (syphilis, toxoplasmosis, rubella, cytomegalovirus, herpes simplex [STORCH] infections and ZIKV-specific immunoglobulin M [IgM]) were retrospectively reviewed in infants with microcephaly. In infants without microcephaly, a history of arboviral infection during pregnancy was queried for support of the MR imaging diagnosis, and laboratory investigation was performed.
Infants in this study were possible (suspected), probable, or confirmed cases of CZS. According to the Brazilian Ministry of Health, 16 probable cases involve the following: 1) the mother's rash during pregnancy, 2) brain imaging suggestive of congenital infection, and 3) laboratory exclusion of STORCH infections in the mother and/or infant. Confirmed cases have, in addition, 4) laboratory confirmation of ZIKV infection in the mother and/or infant (eg, real-time reverse transcription polymerase chain reaction, ZIKV-specific IgM, plate reduction neutralization test [PRNT] for ZIKV in the CSF and/or serum). 17 Suspected cases were classified as possible CZS when the above-mentioned items 1 or 4 were unknown or not present but the infant was born in an epidemic area and there was microcephaly and brain imaging suggestive of CZS. 8, 13, 14 The group of infants with microcephaly at birth was compared with the group without microcephaly and with the group with postnatal microcephaly. We also joined groups and compared: 1) group with microcephaly at birth with group without microcephaly at birth (postnatal microcephaly ϩ without microcephaly); and 2) group with microcephaly (microcephaly at birth ϩ postnatal microcephaly) with group without microcephaly. The images were analyzed by 2 experienced neuroradiologists (M.F.V.V.A. and A.M.B.-L.), with the final interpretation determined by a consensus. CT scans were subjectively reviewed for reduced brain volume; brain stem and cerebellar hypoplasia; malformations of cortical development; the presence and location of brain calcifications; corpus callosum abnormalities (classified as hypogenesis, when it was incompletely formed, or hypoplasia, when it was complete but reduced in thickness) 18 ;
ventriculomegaly; an enlarged extra-axial CSF space; and an enlarged cisterna magna (largest diameters in 3 planes of Ն10 mm). Symmetry of brain damage was determined by visual comparison between the cerebral hemispheres. All features identified on CT scans were also reviewed on brain MR imaging. In addition, we evaluated myelination (normal or delayed, according to milestones determined by a previous study) 18 and types of malformations of cortical development classified as periventricular heterotopia, agyria, pachygyria, polymicrogyria, and simplified gyral pattern.
Statistical Analysis
For association, we used the Fisher exact test. A P value Ͻ .05 was considered significant. The statistical analyses were performed by using SPSS software, Version 21.0 (IBM, Armonk, New York).
RESULTS
Regarding the neuroimaging diagnosis, among the 77 infants who underwent brain imaging scans (CT and/or MR imaging), 1) 18 (23.4%) had normal examination findings; 2) 40 (52.0%) had abnormalities considered nonspecific or not related to ZIKV infection; and 3) 19 (24.6%) had neuroimaging abnormalities consistent with CZS. In the CZS group, 9 (11.7%) infants had microcephaly at birth, 7 (9.1%) had postnatal microcephaly, and 3 (3.9%) did not have microcephaly. On-line Table 1 shows the individual clinical and laboratory data of the infants with CZS. The 3 infants without microcephaly were diagnosed as having probable CZS (On-line Table 2 ).
Clinical Information
The group with microcephaly at birth had more males (55.6%), while the groups with postnatal microcephaly and without microcephaly had more females (71.4% and 100.0%, respectively), without statistical significance. Six of 9 mothers of infants with microcephaly at birth reported rashes (66.7%), and 5 of 7 mothers of infants with postnatal microcephaly reported rashes (71.4%). Other clinical information is shown in On-line 
Laboratory Status
The laboratory tests were performed only once, shortly after birth for most infants (data from few of the infants could not be retrieved). For 2 infants with postnatal microcephaly and all with-out microcephaly (infants [15] [16] [17] [18] [19] , tests were performed shortly before or after imaging evaluation; therefore, close to 1 year of age. Findings of tests for STORCH and dengue in the CSF were negative in 18 infants (data not available for Infant 10) (On-line Table 1 ). In the microcephaly at birth group, 7/8 infants tested for Zika-specific IgM in the CSF had positive findings and just 1/8 had negative results (On-line Table 1 ). In the postnatal microcephaly group, 2/4 infants tested for Zika-specific IgM in the CSF had positive findings. The other 2/4 who had negative results also had negative PRNT test findings in the CSF, but they were tested only several months after birth (On-line Table 1 ). All 3 infants with normal head circumferences had negative ZIKV-specific IgM and PRNT test findings in the CSF. However, the serologic PRNT test had positive results in both tested mothers of 2 infants without microcephaly (On-line Table 1 ).
Neuroimaging Features
Imaging abnormalities in the group without microcephaly (Figs 1-3) were not significantly different from those in the group with postnatal microcephaly (Fig 4) .
The group without microcephaly was significantly different from the one with microcephaly at birth (Fig 5) for the following: reduced brain volume, calcifications outside the cortico-subcortical white matter junction, corpus callosum abnormalities, moderate-tosevere ventriculomegaly, an enlarged extra-axial CSF space, and an enlarged cisterna magna (Table) . All these features were found only in microcephaly at birth. In addition, polymicrogyria was not present in the microcephaly at birth group, a finding that was significantly different from that in the group without microcephaly.
The group with microcephaly at birth was significantly different from the one with postnatal microcephaly in the following features: a simplified gyral pattern, calcifications outside the cortico-subcortical white matter junction, corpus callosum abnormalities, moderate-to-severe ventriculomegaly, and an enlarged extra-axial CSF space (Table) . All these features were found more frequently in the microcephaly at birth group. In addition, polymicrogyria was not present in the microcephaly at birth group, with statistical differences from the group without microcephaly.
When the groups with and without microcephaly at birth were compared, significant differences were found for brain stem hypoplasia, simplified gyral pattern, calcifications outside the cortico-subcortical white matter junction, corpus callosum abnormalities, moderate-to-severe ventriculomegaly, an enlarged extra-axial CSF space, and an enlarged cisterna magna (Table) . All these features were found more frequently or exclusively in the microcephaly at birth group. Polymicrogyria was not present in the microcephaly at birth group. Cerebellar hypoplasia was present in only 3 infants with microcephaly at birth, with a statistical trend.
When the groups with microcephaly were combined and compared with the group without microcephaly, statistically significant differences were found for reduced brain volume, an enlarged extra-axial CSF space, and an enlarged cisterna magna (Table) . All of these features were found only in infants with microcephaly.
DISCUSSION
Among the 77 infants studied, 16 (20.8%) with microcephaly and 3 (3.9%) without microcephaly had evidence of CZS. This number could reflect the incidence of normocephalic CZS in the healthy population. However, this percentage could be either higher, because these cases are only starting to be detected, or lower, considering the higher chance of abnormalities in the population that undergoes imaging. The incidence of CZS in Pernambuco in 2015 was 0.19% (142,965 live births versus 268 confirmed CZS cases). 10, 19 This percentage in the Centro Diagnostico Multimagem radiologic center was higher because it is a referral center for neuropediatricians.
Neuroimaging Features of the Congenital Zika Syndrome Spectrum
Infants born with microcephaly presented with the highest number of abnormalities and more severe malformations, followed by those with postnatal microcephaly and then by the infants without microcephaly. However, significant differences were not observed between the last 2 groups. Reduction in brain volume is present in all infants with microcephaly, while brain volume is preserved in infants without microcephaly with significant differences. Therefore, the normal head size in the normocephalic group is not due to hydrocephalus 14 but due to less severe brain damage. Volumetric MR imaging studies could be useful for better characterizing the reduction of brain volume. This information could help in understanding the physiopathology of the disease, in the differential diagnosis, and in the prognosis and follow-up of these infants.
Moderate-to-severe ventriculomegaly was significantly more frequent in the group with microcephaly at birth compared with the other 2 groups, both separately and jointly. Ventricular enlargement is directly related to the reduction of brain volume, which is more severe in the group with microcephaly at birth and not due to hydrocephalus.
The frequency of enlarged extra-axial CSF spaces increases with the severity of the CZS spectrum. It was present in all infants with microcephaly at birth and Sagittal T1-weighted image shows frontal polymicrogyria (medium white arrows) and very subtle hyperintense punctate foci, representing calcifications at the cortico-subcortical white matter junction (small white arrows). Coronal and axial T2-weighted images (B and C, respectively) show the thick and irregular cortex at the superior frontal sulcus (white arrows). Axial SWI (D) shows a small punctate focus, representing calcification at the cortico-subcortical white matter junction (white arrow). Axial CT scan (E) shows punctate foci in both frontal lobes. An echo-spoiled gradient-echo volumetric (3D reconstruction) image (F) shows malformation and prominence of brain high frontoparietal convexity gyri and sulci, predominantly at the left hemisphere: The superior frontal sulcus (medium white arrows) is wellidentified bilaterally, as well as precentral (short black arrows), central (short white arrows), and intraparietal (long white arrows) sulci. The left hemisphere is more reduced than the right hemisphere; the left precentral gyrus (large black arrows) seems to be the most reduced in volume. These findings are located probably where the polymicrogyria is most severe, according to the T2-weighted images (B and C). These findings are better seen in a 3D reconstruction (F) than in sectional images (A-C), despite the presence of movement artifacts in the former. absent in infants without microcephaly, with significant differences being directly related to reduced brain volume. Enlarged extra-axial space could also be the result of impaired CSF reabsorption.
The frequency of an enlarged cisterna magna also increases with the severity of the CZS spectrum. It was present in all infants with microcephaly at birth and absent in infants without microcephaly. Significant differences were found in most comparative analyses (microcephaly at birth versus postnatal microcephaly showed a statistical trend). An enlarged cisterna magna is not related to cerebellar hypoplasia because this was an infrequent finding.
Brain stem hypoplasia is mainly present in the most severe cases with microcephaly at birth. This group was significantly different from the combined group without microcephaly at birth. The decreased brain stem volume, especially of the pons, could represent more severe damage in microcephaly at birth, being possibly explained by a decreased number of descending fibers, supported by anatomic-pathologic studies. 20 Another hypothesis is direct viral action in brain stem nuclei. DTI studies could help in clarifying ZIKV damage not only in the brain stem but also to fibers in other sites. A simplified gyral pattern was characteristic of microcephaly at birth, being exclusively found in this group and significantly different compared with the combined group without microcephaly at birth. This finding suggests that this type of malformation, resulting from diminished cell proliferation or white matter development in utero, 18 is associated with more severe damage. In a simplified gyral pattern, few neurons are produced or too many undergo apoptosis.
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FIG 5. MR imaging of a 4-month-old boy with microcephaly with confirmed congenital Zika syndrome. Sagittal T2-weighted image (A)
shows a hypogenetic corpus callosum (short white arrow), pons hypoplasia (medium white arrow), and an enlarged cisterna magna (long white arrow). An axial T2-weighted image (B) shows a diffuse simplified gyral pattern (note the thin cortex) (short white arrows), an enlarged extra-axial CSF space (medium white arrows), and severe ventriculomegaly (long white arrows). An axial T1-weighted image (C) shows hyperintense punctate foci, representing calcifications, at the cortico-subcortical white matter junction (small white arrows). Axial SWI (D) shows several punctate foci at the cortico-subcortical white matter junction (short white arrows). Pachygyria was present exclusively in infants in the combined group with microcephaly (at birth and postnatally). Despite these findings, only a trend was found when these groups were compared, possibly due to the small number of infants without microcephaly. Pachygyria, as a simplified gyral pattern, probably represents more severe brain damage, being associated with other abnormalities. When present in the same infant with microcephaly at birth, pachygyria was located in the anterior brain (a thick cortex mainly in the frontal lobes), and a simplified gyral pattern comprised mostly the posterior parts of the brain (parietal and occipital lobes).
Comparison of brain MRI findings between microcephalic and normocephalic infants with congenital Zika syndrome
MRI Findings
Microcephaly
Polymicrogyria was the only malformation of cortical development found in infants without microcephaly, and it was absent in infants with microcephaly at birth. This finding reinforces polymicrogyria being probably a less severe lesion, with consequent preservation of brain volume and the corpus callosum. In postnatal microcephaly, when polymicrogyria and pachygyria were found in the same infant, the former was located in the anterior brain (mainly in the frontal lobes), while the latter was located in the posterior parts of the brain (mainly in the parietal and occipital lobes).
Brain calcifications in the cortex and subcortical white matter were found in almost all CZS cases. Calcifications located at other sites (basal ganglia, thalamus, periventricular, brain stem, and cerebellum) were found only in microcephaly at birth, with significant differences compared with the other 2 groups, both separately and combined. When they are distributed in several structures of the brain, they suggest more severe damage and, consequently, probably more severe brain volume reduction. Even though CT has higher sensitivity to intracranial calcifications, MR imaging is also able to detect them. Calcifications appear as hyperintense foci on T1-weighted images, especially when the brain is not completely myelinated, and as hypointense on SWI, which is the best sequence to demonstrate them. 8, 21 The frequency of corpus callosum abnormalities (hypogenesis and hypoplasia) is directly related to CZS severity. Corpus callosum abnormalities were absent in infants without microcephaly and very frequent in the infants with microcephaly at birth. Significant differences were found in most comparative analyses (patients with microcephaly versus those without microcephaly showed a statistical trend). Hypogenesis or hypoplasia of the corpus callosum with microcephaly at birth could be related to more severe parenchymal damage and cortical malformation, with a consequent decreased number of fibers crossing the cerebral hemispheres.
Lesions were more symmetric in infants with microcephaly at birth compared with infants without it, with a strong trend. Possibly this difference is because microcephaly at birth is related to more diffuse and severe lesions. In regards of the physiopathology, it is knwon that the ZIKV attacks neural progenitor cells and mature neural cells, causing downregulation of genes involved in cell cycle pathways, dysregulation of cell proliferation, and upregulation of genes involved in apoptotic pathways resulting in cell death. 22 However, some authors suggest that vascular phenomena could also be involved in the pathophysiology. 14, 23 Heterogeneous material in the confluence of the sinuses, probably corresponding to thrombus, has already been described. 14, 23 As the use of contrast is usually not recommended in infants, the frequency of cerebral venous thrombosis is unknown. Nevertheless, we hypothesize that, in CZS, there may exist an important damage to the cerebral vascular system, especially in the venous component, leading to cerebral venous thrombosis and cerebral venous hypertension during intrauterus development and continuing after birth. This could explain the cortico-subcortical calcifications, the development of hydrocephalus in some of the infants, 24 and changes in brain lesions, 23, 25 similarly to what happens in cerebral venous hypertension of the physiopathology of vein of Galen aneurysmal malformations. 26 The confirmation of this vascular hypothesis could lead to research for identifying treatment options during pregnancy and after birth, improving the prognosis of the infants and the evolution of the disease. The identification of changes in parechyma thickness, ventricle size and calcifications 23, 25 indicates that these infants should be followed not only clinically, but also by laboratory tests (possibility of persistent viral activity) and by neuroimaging, especially if there are signs of disease progression. In summary, the most severe group, with microcephaly at birth, presented with all the major abnormalities already described in the literature (reduced brain volume, brain stem hypoplasia, cerebellar hypoplasia, a simplified gyral pattern, pachygyria, calcifications at the cortico-subcortical white matter junction and at other sites, corpus callosum abnormalities, moderate-to-severe ventriculomegaly, an enlarged extra-axial CSF space, an enlarged cisterna magna, and delayed myelination), except for polymicrogyria.
In the intermediate group with postnatal microcephaly, the only abnormalities absent were simplified gyral pattern and calcifications outside the cortico-subcortical junction, compared with infants with microcephaly at birth. On the other hand, polymicrogyria was found in infants with postnatal microcephaly and without microcephaly but not in infants with microcephaly at birth.
In the less severe extreme, without microcephaly, there was only asymmetric polymicrogyria, mainly in the frontal lobes, calcifications restricted to the cortical/white matter junctions, mild ventricular enlargement, and delayed myelination.
Congenital Zika Syndrome without Microcephaly
The clinical signs of brain impairment in the 3 children without microcephaly were noticed by their mothers several months after birth. They were nonspecific, and the diagnosis could have been missed without accurate MR imaging interpretation. The 3 mothers remembered a rash during pregnancy, but 2 of them recognized it only when they were asked after the MR imaging report. Because about 75% of infected patients may be asymptomatic, 27 imaging becomes important in showing the "tip of the iceberg."
Although other infections were excluded in all infants without microcephaly, Zika-specific tests did not confirm the ZIKV infection in these infants. However, these Zika-specific tests are not completely trustworthy, because they are not validated yet. 28 For
IgM in the CSF, this negative result was expected due to the long period since the infection occurred because the children are currently close to 1 year of age. For PRNT (IgM and immunoglobin G), the negative results in these infants are difficult to understand because the 2 mothers tested for PRNT (cases 18 and 19) had positive results and all 3 had rashes during pregnancy, supporting ZIKV infection. Thus, although these 3 infants with negative specific tests are probable CZS, 17 we suggest they be considered to have confirmed CZS. The negative PRNT results and lower severity and number of brain lesions in infants without microcephaly need future experimental studies to be clarified. More severe ZIKV damage could be related to earlier vertical transmission during pregnancy, higher viral load, and a crossed immunologic response, among other hypotheses. Environmental factors could also be involved because the most severe cases are located in Northeast Brazil. 14 Maternal infection during pregnancy was more frequent in the first trimester for microcephaly and in the second trimester for normocephaly, though without significant differences. One limitation is that the maternal ZIKV infection was based exclusively on recall of the mothers' rashes during pregnancy. Mothers may not remember the exact month in which they had the rash, and this drawback limits our interpretations. In addition, the literature has shown that the interval between maternal infection and sonographic evidence of fetal abnormalities can range from 2 to 27 weeks. 20 These are the first published cases in which CZS was not suspected by neuropediatricians because the patients had normal head circumferences and nonspecific neurologic signs and the diagnosis was only raised after MR imaging evaluation. They raise an important epidemiologic issue: How many children have less severe CZS brain damage and are being missed?
The radiologist's role is even more important in CZS without microcephaly: to recognize subtle suggestive findings and to indicate the probable diagnosis to the neuropediatrician. This early diagnosis allows rehabilitation to start as soon as possible, improving the development of these infants. Clinical and radiologic follow-up of the brains will be important to understand the pathophysiology of this new disease.
Our study has limitations, especially due to the small sample and retrospective method. Studies with a larger number of infants are needed to confirm the results and to reinforce information that was identified here. Nevertheless, the study was able to characterize brain abnormalities in 3 degrees of the CZS spectrum with statistically significant differences.
CONCLUSIONS
Infants without clinical suspicion of CZS (without microcephaly) can be first identified with neuroimaging studies. These cases represented 3.9% of the infants in our survey.
The spectrum of CZS comprises 3 different degrees of severity, with many statistically significant differences among the groups: 1) CZS with microcephaly at birth, which presented, except for polymicrogyria, with all abnormalities previously described in the literature; 2) CZS with postnatal microcephaly, in which, in relation to the group with microcephaly at birth, only a simplified gyral pattern and calcifications outside the cortical/white matter junctions were absent, but the infants presented with polymicrogyria; and 3) CZS without microcephaly, which presented with only asymmetric polymicrogyria mainly in the frontal lobes, calcifications restricted to the cortical/white matter junctions, mild ventricular enlargement, and delayed myelination.
